ABSTRACT: Two species of diatoms, Phaeodactylurn tncornutum and Thalassiosira rotula, were fed to Calanus helgolandjcus females at concentrations varying between 10 and 106 cells ml-l. Their effects on the fecundity and hatching success of eggs were compared with those of the dinoflagellate diet Prorocentrum minl~nurn at 104 cells ml-' used as a control. Specific maximum fecundity was never reached with the diatom diets. The paradox is that fecundity and inhibition of hatching were diatom densitydependent, but varied in opposite directions in relation to concentration. At high diatom concentrations (ca 210' cells ml-l) fecundity increased, whereas hatchlng was totally inhibited. At low concentrations (ca ~1 0 % e l l s ml-'), resembling in situ conditions, fecundity was depressed while hatching success values were generally below 70% or showed high amplitude variations. Inhibition of hatching was proportional to fecal pellet production rate, reflecting the causal relation between ingestion, duration of feeding and accumulation of the inhibitor. The inhibitory mechanism was best fitted by a logistic function of time, the parameters of which were significantly modified for diatom concentrations >103 cells ml-' These results suggest that ingestion of diatoms might be considered as one of the causes limiting C. helgolandicus population recruitment in nature, since both fecundity and hatching can be significantly lowered at low and high diatom concentrations, respectively.
INTRODUCTION
High mortality in copepods has been shown to occur mainly in the earliest phases of development. Of the 12 developmental stages, nauplii appear to be the most sensitive, suffering a higher mortality than copepodites and adults (Confer & Cooley 1977 , Dagg 1977 , Williamson et al. 1985 , Santer 1994 . Also, the embryonic stage is subject to high mortality with up to 60-70% loss of eggs in certain periods of the year (Kiorboe et al. 1988 , Ianora et al. 1992 .
In the field, one major cause of mortality is assumed to be predation (Kiorboe & Nielsen 1994 , Liang et al. 1994 , Peterson & Kimmerer 1994 . In the laboratory, mortality of embryos and nauplii has been related to the starvation of adults and juveniles as well as to food 'Addressee for correspondence. E-mail: poulet@sb-roscoff.fr characteristics such as the deficiency of certain essential nutrients, influencing egg sizes and thus, indirectly, egg viability (Dagg 1977 , Jonasdottir 1994 , Santer 1994 , Guisande & Harris 1995 . Other potential factors affecting mortality of juveniles have been suggested (such as virus and disease, genetic disorders, low fitness and pollution ; Toudal & Riisgard 1987 , Peterson & Kimmerer 1994 .
Recent investigations have shown that ingestion of diatoms by adult copepod females, fed ad libitum, was followed by low hatching success, abnormal embryonic development or naupliar anomalies (Poulet et al. 1994 . Mortality was due to the presence of an unidentified diatom factor blocking or disrupting normal embryonic development. Inhibition of development was 100% when the concentration of diatoms in copepod diets was 1104 cells ml-l. The rate of mortality related to diatom inhibitors was assumed to be diatom density-and time-dependent (Laabir et al. 1995b . The inhibitor concept impl~es that the higher the density of diatoms and the longer they are ingested by copepods, the lower the hatching success. It further implies that the lag time between the start of ingestion and the inhib~tory response should increase wh.en diatom density decreases. This hypothesis was considered unrealistic, since the highest density of diatoms in blooms occurring in nature is generally between 10 and 10%ells ml-l, which is 2 to 4 orders of magnitude lower than concentrations tested in the laboratory (Ianora & Poulet 1993 and subsequent studies). However, Laabir et al. (1995b) have shown that field estimates of hatching success in Calanus helgolandicus were on the average 70 % over the year. It was seasonally unstable and often reached values $50'%, reflecting the diversity of food ingested by females, shifts in the diet and in situ concentration of diatoms characterising water conditions offshore of Roscoff (English Channel; Sournia & Birrien 1995) . These results have revealed that diatoms are a potential cause of mortality for copepods in nature, even though their im.pact, at times, was less than that under laboratory conditions. They also showed that a lag time of about 15 to 30 d might exist between peaks of diatom density a n d minimum values of hatching success.
The objective of the present work was to determine the varlations of hatchlng success and the lag time preceding Inhibition in relation to diatom density. Our alm was to. show that the inhibitor concept is realistic and might be useful to better understand recruitment of copepod nauplii in relation to naturally occurring diatom concentrations.
MATERIALS AND METHODS
Calanus helgolandicus females were collected twice a week from 7 March to 12 June 1995, offshore of Roscoff (France) a n d brought to the laboratory within 1 to 2 h of collection. There, batches of 10 to 25 females each were incubated in crystallizing dishes filled with filtered sea water (0.22 pm) enriched with cultures of one of 3 different species of phytoplankton: the dinoflagellate Prorocentrum minimum (PM) , and the diatoms Phaeodactylum tricornutum (PT) and Thalassiosira rotula (TR), and taking carbon content equivalent to 6.8 pg C cell-' for PT, 157 pg C cell-' for TR and 274 pg C cell-' for PM (not included in the regression of Fig. 5 ). Duration of incubations varied between 10 and 45 d. Concentration of phytoplankton in incubators was constant for PM (10%ells ml-l), whereas for the 2 other algae, the concentrations ranged from 104 to 106 cells ml-' for PT and from 10 to 105 cells m l ' for TR. At high PT concentrations (i.e. 10' to 10%ells m-'), incubators used for the experiments were crystalllzlng di.shes filled with 200 m1 filtercxd sea water, each containing 10 to 12 females. Stirring of algae was done manually 3 to 5 times a day. At these concentrations, fecundity was high and a large number of eggs ( n 2 100) was sampled daily, allowing for an accurate estimation of hatching success. At lower concentrations (i.e. <10"ells ml-') the type of incubator had to be changed. First, because fecundity reached low values (0 5 n 5 5 eggs female-' d-') in less than 6 d; and second, because cannibalism of eggs was extremely severe. The problems of cannibal.lsm at low food density and depression of fecundity have already been discussed by Laabir et al. (1995a) . The new incubators were equipped with a 300 pm size mesh partition and with a water circulating system (flow rate: 60 m1 min-l) so that cannibalism could be reduced and resuspension of food improved. Twenty to 25 females were added to each incubator, which was filled with 2 1 of filtered sea water and enriched with known volumes of algal cultures. With TR, fecundity remained high enough during the entire incubation period at all concentrations between 104 and 102 cells ml-', allowing a sufficiently large number of eggs (25 1. n 5 200) to be collected daily in samples and, thus, satisfactory statistical evaluation of hatching success. At 10 cells ml-l, hatching success could not be evaluated accurately, because fecundity was too low (0 I n I 2 eggs female-' d.'). During preliminary tests, we verified that algae were resuspended, while eggs were sedirnented at the bottom of the new incubators. Incubation of females and eggs was made at constant room temperature (12 + 0.5"C, corresponding to in situ temperatures at time of capture) and followed a natural day-nlght light cycle Death of females (10 to 30% of initial numbers) occurred mainly towards the end of the incubation period (>25 to 30 d). However, dead females were never replaced by new ones. Filtered sea water and new algal food were replaced every day in each incubator Egg production, hatching success and fecal pellets were evaluated in samples collected daily. Pellets were counted in triplicates in each incubator containing PT at concentrations ranging from 103 to 10%ells ml-l, and TR at 104 cells m1 ' (control). About 25 to 200 eggs sample-', grouped in batches of 25 to 40 each, were incubated 48 h in 1 to 2 m1 filtered sea water. All results are means (i.e. fecund~ty) and sums (i.e. hatching) for 3 series of replicated experiments. Algal cultures were grown in F/2 and K mediums (Guillard & Ryther 1962 , Keller et al. 1987 ) for diatoms and dinoflagellates, respectively. Comparisons between diets are also given in terms of pg C cell-', using values from the literature (PM = 274, TR = 157 and PT = 6.8; Saunders 1991 , Ianora & Poulet 1993 . Curve fitting analysis and statistics were performed for each algal concentration, using the SYSTAT and Sigm.a plot programs (Wllkinson et al. 1992 , Fox & Shotton 1995 .
RESULTS
Variation with time of the fecundity of Calanus helgolandicus fed the 3 different diets was measured in parallel with hatching success in the same series of experiments (Fig. 1) . Daily egg production rate was strongly influenced both by the type and the concentration of food. Comparison between controls (PM) and experiments (PT and TR) indicated that under laboratory conditions, fecundity was not influenced during the incubation period, so we assumed that the unknown age of the females could affect the responses of copepods in the same way. With the dinoflagellate PM, fecundity varied daily between 10 and 30 eggs female-' (Fig. l A ) , and rarely fell below 10 eggs female-' d-l. Fecundity had a different pattern when females were fed with diatoms. With PT, egg production rates ranged respectively between 1 and 6, 0.5 and 2, 0 and 1 eggs female-' d-', decreasing as the concentration diminished (Fig. lB) , except for the first days of incubation. With TR, egg production was extremely variable (Fig. 1C) . At 105 and 104 cells ml-l, fecundity shifted between low ( < l 0 eggs female-' d-') and high (up to 30 eggs female-' d-l) values. At lower concentrations (10 to 103 cells ml-l) fecundity was between 0 and 10 eggs female-' d-', except for the first days of incubation, which reflected the past-feeding history of females.
With the control food PM, hatching success was extremely high and stable, remaining above 90% most of the time, except at the begining of the time series, at which lower values were observed for the first 4 d (Fig. 2) . With this diet, a nonlinear regression equation was found between hatching success (Y,) and time (X), given by the hyperbolic equation:
where a, is maximum hatching value and b , corresponds to the time at which hatching = al/2. Values calculated for parameters a, and bl and statistics are given in Table 1 .
In a new set of experiments, batches of females were fed the diatom Phaeodactylum tricornutum at 3 different concentrations. A first set of experiments testing the effect of high algal concentrations (106 cells ml-l) was conducted for 12 d but was then interrupted because no hatching occurred after that period. During the first 6 d (Fig. 2) , values decreased from 90 to 50%, then decreased sharply down to 10% in 2 d and finally remained below 5 % until the end of incubation. This succession of periods with high and low hatching values shows the complex reproductive response of copepods to this food. Hatching (Y,) was best fitted by a logistic function of time (X), given by the sigmoid equation: 
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Flg 2 . Vanatlons in hatching success with time for Calanushelgolandicus females fed the diatom Phaeodactylum tricornutum (PT) at 3 concentrations: 104 (o), 10' (e) and 10h (0) cells ml-l Females In controls were fed the dinoflagellate Prorocentrum minimum (PM) at 10"jr cells ml-' Each data point corresponds to the average of 3 experiments. Parameters of Eqs.
(1) a n d (2) best fitting the data set for PM and PT, respectively, corresponding to each food concentration a r e given in the text and in Table 1 where a-, (= a, , , -a,,,) is the range of variation of the hatching success values, b2 is the slope coefficient, c is the time, in days, of the maximum rate of change (i.e. point of inflexion) and d is the lower threshold of hatching values. Values estimated for fitted parameters a2 to d and statistics are given in Table 1 . A second set of experiments was conducted for 18 d wlth females fed the same diatoms at a concentration equal to 10' cells ml-l Variations in hatching success were again significantly fitted by the same equation (Eq. 2). The calculated range (a) between minimum and maximum hatching values had decreased, while the values calculated for the point of inflexion (c) and the lower threshold of hatching success (d) had increased significantly with respect to the higher algal concentration (Table 1 ). In the third set of experiments, females were fed PT at even lower food concentration, equal to 104 cells ml-'. The values followed the same pattern (Fig 3) and were also fitted by Eq. (2). As food concentration decreased, parameters a to d were modified as well ( Table 1) . In this case, the range (a) was only 29%. The slope (b) was strongly modified, whereas the values for c and d had almost doubled. At 104 and 105 cells ml-l, dispersion of hatching values was high, mainly during the second half of the incubat~ons. The results (Fig. 2 , Table 1) show that hatching success varied with time when Calanus helgolandicus were fed the diatom PT, at all concentrations. Two orders of magnitude variations in food concentration induced significant modifications of parameters a, b and c in Eq. (2) by a factor of 3 to 6. The most striking modifications were related to the decrease of both the lag time (c) and lower threshold (d) in relation to increasing diatom concentrations (Table 1) . cess, time, and food concentration presented the same pattern (Fig. 3A) .
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Eq. (2) was used to fit hatching val- (Table 1) . At 10' cells ml-l, TR 10 modified hatching success (Fig. 3B) . However, the data could not be fitted 0 by Eq. (2), since neither r2 nor X' were 0 10 20 30 40 50
significant. At such low diatom con-DURATION OF EXPERIMENTS (DAYS)
centrations, the extremely unstable daily variations of hatching success were not comparable to controls (Fig. 3 A ) , showing a 60 % amplitude between maximum and minimum values recorded over the 40 d incubation period. As shown before, the highest level of instability was observed in the second half of the experiments (Fig. 3) . At food levels 510"ells ml-l, the calculated range (a) for hatching was only 16 to 20%, while the lower threshold (d) was similar (ca 64%). The lag time (c), again, varied in the opposite direction of diatom concentration (Table 1) .
Hatching success was inversely related to the quantity of the diatom PT ingested as determined by the average daily production of fecal pellets (Fig. 4) . The relation between O/o hatching (Y) and average number of fecal pellets produced per female (X) produced at each food concentration is described by the linear regression: Poulet et al. (1994) . Females in controls were fed the dinoflagellate Prorocentrun] minlmum [PM) at 10' ( A ) cells ml-l, as in Fig. 1 Parameters of Eqs. (1) and (2) best fitting the data set for PM and TR, respectively, and corresponding to each food concentration are given in the text and in Table 1 
This relation is described for PT only, since fecal pellet production was measured only with TR at 104 cells ml-'. Differences in hatching success in relation to carbon food concentration (X,) are shown in were 20 to 40 times higher in terms of carbon per cell, inducing much higher egg production rates. However, carbon cell content was not related to egg viability. Hatching success with PT and TR was similar but much lower than with the dinoflagellate diet (Fig. 5) .
The complete data set of values, corresponding to laboratory observations, was used to model the relationship between the reproductive response of Calanus helgolandicus and the diatom concentratlon in the diets. Both the lower threshold (Y5) for hatching success and the time lag (Y6) (corresponding to para- Table 1 . Each data point is the sum of all experiments achieved with PT (A) and TR ( A ) , respectively (see Table 1) meters d and c, respectively, in Table 1 fitted these 2 variables (Fig. 6A) . The tlme lag was significantly and inversely correlated to the diatom concentration (D,), as shown in Fig. 6 and by the linear equation:
DISCUSSION
Food availability is an important factor affecting growth and fecundity in copepods (Bottrell et al. 1976 , Ban 1994 . Algae widely cited as high quality diets do not always provide adequate food quality for copepod fecundity (i.e. Chen & Folt 1993), or egg viability (Poulet et al. 1994) . Here, the 3 algal species induced different reproductive responses in terms of egg production. However, the specific maximum egg production rate in Calanus helgolandlcus, ca 60 eggs female-' d ' (Marshall & Orr 1952), was never reached when females were fed the diatoms ad libitum (Fig. 1A-C) . Even during diatom blooms occurring in the English Channel, offshore of Roscoff or Plymouth, fecundity in the field was generally below maximum rate (Guisande & Harris 1995, Laabir et al. 1995131 , meaning that under natural food conditions or with PT and TR diets, females were mostly food limited. When fecundity at the same algal concentration was compared (ca 104 cells ml-l; Fig. 1A-C) , highest values were obtained with the dinoflagellate PM as compared to the 2 diatom diets. Carbon concentrations explained differences in fecundity, i.e. the higher the carbon content in food, the greater the number of eggs produced (i.e. Checkley 1980, Guisande & Harris 1995), but did not explain the differences in hatching success. PM was high in carbon content per cell and induced high e g g viability (Fig. 5) . In contrast, the relationship between hatching success and diatom concentration in terms of carbon, calculated and combined for PT and TR (Fig. 5 ) and given in Eq. (4), shows that egg viability was inversely correlated with the amount of diatom food carbon. Furthermore, Guisande & Harris (1995) have shown that the size of eggs released by female C. helgolandicus fed the diatom Thalassiosira weissflogii over 5 d , at concentrations ranging between 50 and 500 pg C I-', varied between 160 and 180 pm. A similar range of variations was observed offshore of Roscoff over 6 mo, from March to August 1993 . However, we found that hatching success was not significantly correlated to any biometric egg parameters within this specific egg size range, which is in contradiction with the results reported by Guisande & Harris (1995) . We also have observed (M. Laabir, S. A. Poulet, R. P. Harris, S. W. Pond, A. Cueff, R. N. Head, A. Ianora unpubl.) that 40 to 80% inhibition of hatching was induced by T. weissflogii in the range of 103 to 104 cells ml-l. However, viability of eggs remained close to 100% during the first 10 d of incubation, and then decreased sharply 12 d after the start of feeding by female C. helgolandicus. In this case, our results are consistant with Guisande & Harris' (1995) observations, showing that 5 d was not enough to induce inhibition of hatching, when concentrations of diatoms were <104 cells ml-' (Figs. 2 & 3) .
The results of the present study indicate that inhibition of copepod embryonic development is diatom density-dependent. Highest diatom densities (10' cells ml-l) with PT and TR induced 100% egg mortality within 5 to 10 d . By progressively lo\vering the concentration of diatom cells fed to copepods, mortality was relaxed to 70 % (10" cells ml-l) and 50 % (104 cells ml-l) within 12 and 18 d , respectively. The same pattern was observed with the 2 diatoms. In the case of TR, lower concentrations of cells, resembling in situ levels, were tested (10' and 10"ells ml-l), and average mortality decreased to 35% within 24 d . The dinoflagellate PM induced no deleterious effects on embryonic development, confirming previous results with this alga (e.g. Poulet et al. 1994) .
The pattern of inhibition for both diatom species, at cell concentrations 2103 cells ml-', was basically the same and was best described by a sigmoid-shaped curve. There was an initial period of latency which lasted between 2 and 20 d, depending on the diatom concentrations (Table 1 ). This was followed by a rapid diminution in hatching success, over 1 to 3 d, until values were stabilized and reached a lower threshold level of hatching success, which generally lasted until the end of incubations. The higher the concentration of diatoms, the shorter the lag time to reduce hatching (Figs. 2, 3 & 6B) , indicating that the process was food density-dependent. At very high concentrations ( l O h cells ml-l), this period was very brief. At lower concentrations (10"ells n~l-l), corresponding to natural phytoplankton bloom situations, this period lasted much longer (20 d), suggesting a longer lag time before inhibition under natural in situ conditions (Laabir et al. 1995b) . The link between the quantity of diatoms ingested and the accumulation of inhibitors in the gonads was indirectly confirmed by fecal pellets counts, indicating a relation between feeding and inhibition of embryonic development (Fig. 4) . Also, the lower threshold level (d) of hatching depended on the concentration of diatom cells fed upon (Fig. 6A) . The greater the number of cells, the greater the inhibition, and vice versa. In all cases, minimum values observed for hatching were below the calculated lower threshold (Flgs. 2 & 3) . At low concentrations (ca 102 to 103 cells ml-') the amplitude of variations in hatching success was very high, especially in the second half of incubations (Fig. 3A, B) . Interestingly, at <104 cells ml-l, inhibition of development never reached l o o % , indicating that diatom inhibitors may have partially been metabolized by digestive enzymes so that they never accumulated in the gonads beyond a certain level. This partially contradicts our previous assumption that inhibitory compounds are passively accumulated in the gonads (Poulet et al. 1994) . Apparently, copepods may break down inhibitory products a s long as diatom concentrations do not exceed certain levels (i.e. bloom conditions, patchy diatom distribution). This is also supported by the fact that variability in hatching success increases as the diatom concentration in the diet decreases (Fig. 3 0 ) .
We believe that differences in hatching success between diatom and non-diatom diets are related to the presence of i.nhibitory compounds blocking copepod embryogenesis, as discussed in several of our previous works (Poulet et al. 1994 , Laabir et al. 1995b ). Evidence of the presence of such compounds is accumulating To date, it has been demonstrated that:
(1) several diatom species block hatching success of eggs , Uye 1996 , (2) hatching inhibition has been induced in several copepod species [Ianora & Poulet 1993 , Poulet et al. 1994 , Ianora et al. 1996 , Uye 1996 , (3) the inhibitory compound is contained within the diatom cells and not in bacteria associated with diatom cultures (Ianora et al. 1996), (4) this effect is not due to anoxia during incubation of eggs , (5) inhibition is reversible when a diatom diet is substituted with a dinoflagellate diet (Laabir et al. 1995b) , (6) nauplii are also affected by dlatom inhibitors (Poulet et al. 1.995) .
In the present study we also show, for the flrst time, that the lower the diatom concentrations fed upon, the longer the time lag to induce blockage of egg development and the higher the amplitude between daily pulses of low and high hatching rates.
The question of the inhibitory effect of diatoms on the reproductive biology of copepods casts a shadow of doubt on the role of predation a s the major factor influencing changes in plankton production in aquatic systems. For many years, this idea has not been challenged simply because few studies have been devoted to the physiology of copepod reproduction and development. Mortality of eggs and early developmental stages have been calculated in the field on the basis of differences in recruitment rates between eggs and older stage stocks (i.e. Edmondson et al. 1962 , Liang et al. 1994 . However, to date the evidence supporting the hypothesis that predation is the main cause of mortality is mainly speculative. Several studies indicate that natural mortality due to inhibitory compounds (Poulet et al. 1994) , poor egg quality (Jonasdottir 1994 , Guisande & Harris 1995 , disease (Ianora et al. 1987 ) a n d pollution (Toudal & Riisgard 1987 , Kjerrsvik et al. 1990 ) can account for a large fraction of the total loss to recruitment. More attention should therefore be directed to understanding the causes of low hatching success since embryonic mortality d u e to 'physiological' causes can be opportunely quantified in the laboratory In the long run, such studies will allow for a better comprehension of the process regulating recruitment rates and plankton production at sea.
